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SUMMARY

A simplecorrelationfactor,basedoninviscidshock-e~ansioncal-o
culationsforideal-gasconditions,isfoundwhichpermitsconversion
ofthenormal-forcecoefficientsof simpleshapesinheliumtoequivalent
coefficientsinairatMachnumbersofI-2,16,and20. Theresults,
althoughpreliminaryinnature,indicatethattheconversionofexper-
imentalforcedataobtainedinheliumto equivalentdatainairmight
notbe overlyccmplexandthathypersonicheliumtunnelsmightbe use-
fulin conventionalaerodynamicstudiesaswellas infundamentalgas-
dynsmicsstudies.

H
INTRODUC!IZON

Withtheadventoftheconceptofhypervelocityvehicles,theMach
numberrangefrom10to 20hasbecomeofmorethanacademicinterest;
therefore,itisurgentthattestfacilitiesbe developedwhichpermit
conventionalaerodynamicstudiesatthesehighMachnmnbers.Thesevere
requirementsofstagnationtemperaturesorpressuresorboththatmust
bemetinorderthatwindtunnelsusingairmayoperateat Mch numbers
oftheorderof 10 orgreaterhasdirectedsomeattentiontowardtheuse
ofheliumas a testingmedium.(Seejforexample,ref.1.) Theuseof
helium,however,introducesa certaininherentdisadvantage;nsmely,that
thedataobtainedinheliumarenotdirectlyequivalentto thedata
obtainedinairbecauseofthesignificantdifferencebetweentheratios
ofspecificheats y ofthetwogases.IYtheeffectsof thisdifference
intheratiosofspecificheatscouldbe simplyaccountedfor,theuti-
lizationofheliumasa testingmediumforconventionalaerodynamic
studiesinhypersonicwindtunnelswouldbe considerablystrengthened.
me usefulnessofheliumtunnelsinfundamentalgas-dynamicsstudieshas.
alreadybeendemonstrated.(Seeref.2.)
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Thepurposeofthepresentreportisto obtaina preliminaryinsight
intotheeffectsoftheratioofspecificheats 7 froma nonviscousideal- *
gasviewpointandtotryto accountfortheseeffectsby useofa relatively
simplecorrelationfactor.As a basisforexsminingtheseeffects,inviscid .
valuesofthenormal-forcecoefficientsofsimplesymmetricalshapesare
computedforvaluesoftheratioofspecificheatsof7/5forairand5/3
forheliumandaredirectlycomparedatMachnumbersof12,16,and20.
Allcomputationsoftheairfoilsurfacepressuresfromwhichthenormal-
forcecoefficientsareobtainedaremadeby-usingtheshock-e~ansion
method.Thecomputationsarebasedontheassumptionof ideal-gasflow

—

and,therefore,precludeanyeffectsofcaloricandthermalimperfections
ontheflowproperties.Also,viscouseffectswhichwereshownintests
reportedinreference2 tohavea significantinfluenceonthepressures
ontheforepartofsharp-edgedconfigurationsarelikewisenotconsidered.
It isbelieved,however,thattheomissionoftheseeffectswill,inmost -
cases,notseriouslyimpairtheusefulnessofthecomparativeanalysis
presentedherein.Therefore,theresultsshouldbe indicativeofthe
correlationthatispossible.
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sectionnormal-forcecoefficient,n/qc

specificheatat constantpressure

specificheatat constantvolume
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Subscripts:

m

d

m

u

He

Air

coordinate

coordinate

alongX-axis

alongY-sxis

angleofattack,deg

characteristiccoordinates(C!lispositivelyinclined
andC2isnegativelyinclinedwithrespectto local
velocityvector)

ratioofspecificheats,

angleofflowdeflection,

cp/%r

deg

half-angleat leadingedge,deg

free-streanMachangle,sin-l*
m

freestresm

conditionsjustdownstreamof shockwave

mean

uppersurface

inhelium

inair
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METHODOFANALYSIS

Theproblemof obtainingexactformulastorepresenttheeffects
of specific-heatratiouponaerodynamiccoefficientsappesrsformidable
andwasnotconsideredtobewithinthescopeofthispaper.However,
onemethodofanalysiswhich,althougl’ofa preliminarynature,appeared
to offera meansofobtainingsomeinsightintotheeffectsoftheratio
ofspecificheats 7 wasthedirectcmpsrisonof calc”id_atedforceson
simplesymmetricalshapesatthedifferentvaluesof 7. Thesecom-
parisonswouldafforda basisuponwhich,itwashoped,a correlation

< factorfortheratiosof specificheatscouldbeformulated.Forsim-
plicityandbecauseofa desireto obtainthemostindicativecor-
relations,itwasdecidedtomakecomparisonsona normal-fwcebasis

. onlyandtousetheshock-e~ansionmethcxlasthemeansforobtaining
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thepressuredistributions(and,thus,thenormal-forcecoefficients)
overtheselectedshapes.

CALCULATIONS

m

.

TheoreticalBasis

Theshock-expansionmethod(ref.3) hasbeenusedextensivelyand
successfullyin calculatingflcn”aboutsimpleshapestravelingat-super-
sonicspeeds.As statedinreference4, themethodisa synthesisof
twobasicmathematicaltoolsfortreatingsupersonicflows- namely,
theobliqueshockequationsofMeyer(ref..5) andthecornerexpansion
equationsofPr,andtlandMeyer.An importantattributeofthemethod
is itsinherentadvantage(overpotential-flowtheories)ofaccounting

—

forchsmgesinentropythroughshockwaves.Ihthisrespect,then,the
shock-expansionmethodisespeciallywellsuitedfortreatinghypersonic
flowsaboutairfoils,inasmuchastheseflowsareusuallycharacterized

--

by strongshockwaves.However,theleading-edgeshockwaveinteracts
withthekch wavesoriginatingatthesurfaceofanairfoilandthis
interactioncanappreciablyaltertheshapeoftheshockwaveandthe
flowdownstreamincludingtheflowatthesurface,especiallyinthe
caseofcurvedairfoils.Pertinentconsiderationsatthispoint,then,

-

are-theapplicabilityandaccuracyoftheshock-expansionmethodfor
predictingairfoilsurfacepressuresintheMachnumberrangewithwhich
thisstudyis concerned.Therefore,a discussionofthesefactorsis
included.

In a studyby Eggers,Syvertson,andKYaus(ref.6) of inviscid
flowaboutairfoilsathighsupersonicspeeds,itwaspointedoutthat
thereis onlyonebasicassumptionunderlyingtheshock-e~ansionmethod:
disturbsmcesincidentonthenoseshock(or,forthatmatter,anyother
shock)areconsumedalmostentirelyin changingthedirectionofthe
shock.Furthermore,theresultsof thestudyshowedthisbasicassump-
tiontobe essentiallytrue. ~ figqre1 is shownthevariationwith

I

ab abflow-deflectionangle 5 ofthedisturbance-strengthratio— —
acl ac2

behindan obliqueshockwaveforvariousfree-streamMachnumbers.(h
ref.6 thisratioisconsideredas a measureoftheratioofthestrengths
ofthedisturbancesreflectedfromtheshockwaveto thedisturbances
incidentontheshockwave.)Figurel(a)iscomputedforair(7= 7/5)
andfigurel(b)forhelium(7= 5/3). Reference6 andfigurel(a)show
thatexceptat extremelylargedeflectionangles(closetothosefor
shockdetachment)theratioforairis sma-~(inabsolutevalue)com- F“
paredwith1 throughouttheMachnumberrangeconsidered.Thepresent

*
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calculationsshowthattheratioforhe13um(fig.l(b))is,by compar-
9 ison,evensmaller(excluding,asforah, theanglescloseto shock

detachment).Thus,it isindicatedthatalmostallofan incidentdis-
turbanceis generallyabsorbedintheshockwaveforheliumaswellas

. forair;and,aspointedoutinreference6, theflowalongthestream-
linesisessentiallyofthePrsmdtl-&yertype. Therefore,thisresult
substantiatesthebasicassumptionoftheshock-expansionmethodand
yieldsadditional.credenceto themethodforapplicationtohighMach
numbers.If,onthebasisofthesefindings,a msximumabsolutevalue

/
for & &

acl ac2
of O.~ is chosenforair,theregioninwhichtheshock-

expansionmethcdisapplicablecanreadilybe obtainedfromfigure1.
(Thisvalueof0.06is identicalwiththatchoseninreference6 forair.

A muchlowervaluefor
r

at5 5— — couldhave.beenchosenforhelium,based
acl ac2

on calculationsmadehereinandas showninfig.l(b).)Theupperbound-
arylineof thisregionis showninfigure2,andit isevidentthatit
liesonlyslightlybelow(about1°to 2°,ingeneral)thelinecorre-
spondingto shockdetachmentwhichisgivenapproximatelyby theline
for m = 1.0. Almosttheentireregion
gas)flowisthencoveredby themethod.

.

Scope

ofcompletely
(Seehatched

supersonic(ideal
mea infig.2.)

Thesectionshapesforwhichcomputationsofnormal-forcecoeffi-
cientswere.mademe showninfigure3. Thesectionsshowninfig-
ure3(a)are10-percent-thickslabswithparabolic-srcnosesandwere
selectedasbeingcrudelyrepresentative- withtheprobableexception
ofthesharpleadingedge- ofpos,siblehypersonicairfoilconfigurations.
Thewedgeslabsections(fig.3(b))jontheotherhandjwereusedto
exs.minethepossibilityofsubstitutingthesesectionsfortheparabolic-
arcslabsections.ThebasisandJustificationofthissubstitution
areexplainedinthissection.

TheconceptoftheNewtonianimpacttheoryoffluiddynamics
(7=l,& = rn)ispresentedinreference7 andisbasedontheh~oth-
esisthatfinitepressuresaregeneratedonlyonthoseairfoilsurfaces
which“see!’theflow.Analogously,thenormalforceonan airfoil
movingathypersonicspeedsisfoundtobe determinedalmostentirely
by thepressureactingonthewindward(“seeing”)surface.Conversely,
thecontributionoftheleewardpressuresisalmostnegligible.Eksmples
ofthisphenomenonatfree-streaml&chnumbersof12,16,and20are

* giveninfigures4 to 6, respectively,wherethesmalleffectsofthe
upper-surface(inthiscase,theleeward)pressureson thenormal-force
coefficientsofa flatplateareshownas a functionofsingleof attack.

.
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Itisevidentthatthelower-surface(inthiscase,thewindward)pres-
suresquicklybecome,withonlya smallincreaseinangleofattackfrom ●

zero,thedominantfactorindeterminingthenormal-forcecoefficients.
Thus,sincethenormal-forcecoefficientsat otherthansmallvalues
of u arealmostwhollydependentinthehypersonicrangeonthesurface .
overpressures,it seemsprobablethattheparabolic-arcslabairfoil
section(fig.s(a))couldbe effectivelyrepresented(atleastinsofar
asnormalforceis concerned)by a straight-13ne-elementprofilewhich
successfullyduplicatestheaveragemagnitudeoftheoverpressures
obtainedontheoriginalairfoil.Thischaracteristicprovestobe
essentiallytruewhentheleading-edgehalf-angleandthicknessofthe
wedgeslabairfoilduplicatethatofthep~abolic-arcslabairfoil.

Themeritsofthissubstitutionofairfoilshapesareimmediately
apparentinthat(1)itappearspossibletoreplacea curved-surface
airfoilwitha simplestraight-line-elementairfoilsectionandobtain
theoreticallycomparablenormal-forcecoefficientsand(2)thetheo-
reticalcalculationsbecomegreatlysimplified.

The&o parabolic-arcslabsectionsemployed(fig.s(a))havedif-
ferentnosesizes(determinedby theleading-edgehalf~anglee)in

.—

orderthatthenose-bluntnesseffectsonthecorrelationfactorforthe
ratioofspecificheatsmightbe comparedwiththoseobtainedforthe
wedgeslabairfoils.Themagnitudesoftheleading-edgehalf-angles, .

ontheotherhand,werefixedby therelatione =
% =1 - u,where

bMd=l istheangulardeflectionoftheflm acrossan o%liqueshock .
-.

to give Md= 1;and u is thes,rbitrari3ychosenmaximumangleof
attackoftheconfiguration.

Calculationsonthewedgeslabconfigurationsweremadeforeight
leading-edgeMl-f-anglese (asindicatedinfig.s(b))inorderto
ascertaintheeffectsofnosebluntnessonthecorrelationfactor.

—

Leading-edgehalf-singlescorrespondingtothoseoftheparabolic-arc
slabconfigurationswerealsoincludedinthecalculations.

—

Computationsweremadeatfree-streamMachnumbersof 12,16,and
20forair(7= 7/5)andfor helium(7= 5/3). Throughouttheanalysis
thecalculationsweremadewithinlimitswhereintheassumptionwas
thatthedisturbedflowwaseverywheresupersonic,sad,thus,thatthe
shockwavewasattachedtotheleadingedge-oftheairfoils.

DISCUSSION —

Sometypicalresultsoftheinviscidnormal-forcecalculations
madeby-meansoftheshock-expansionmethcd(whichconsidersthepressures .
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●
onallsurfacesoftheairfoil)forthewedgeslabconfigurationsin
heliumandinairareshowninfigures7 to9 forseveralrepresentative
leading-edgehalf-angles6 andatfree-stresmMachnumbersof12,16,

. and20,respectively.ThecorrelationfactorK,whichrelatesthe
heliumdatato theairdata,isformulatedfromplotsofthistypeand
inthemannerdescribedinthissection.

A comparisonofthenormal-forcecurvesforairandforheliumwas

madeonthebasisofan equalvalueof Cn
( )
%,Air= ~
%,He

) as shownby

thedashedlinesintheplotsofthevariationof Cn with a. me
resultsobtainedfromthiscomparison(whicharetheanglesofattack
requiredoftheairfoilinair (aAir)andinhelium (%J ‘o Prduce
thesanenormal-forcecoefficient)areshownplottedas circles(arbi-
trarilychosen,representativedatapoints)onthecompsmionplotsof
thevariationof U,r with ~e. Further,it isshownthatthevari-

for ‘yMr. 1ation‘f %ir ‘ith “He ( cn,He )
canbe closelyapproxi-

matedby thegeneralslope-interceptequationoftheform y = Ki + k.
Thecurvewhichapproximatesthedataisfairedthroughtheorigin
%eCaUSeinthelimitwhen Cn= 0, ~A~ = We = OO. Therefore,the
interceptterm k inthegeneralequationneednotbe considered,and
theconversionnowdependsmerelyonthefactorK.

Figures10and11 arerepresentativeplotsat M&= 16 whichshow
thequantitativesimilaritywhichexistsbetweenthenormalforcesand
thecorrelationcurvesobtainedontheparabolic-arcslabsectionsand
thoseobtainedonthewedgeoslabsectionswithidenticalnoseangles
(e=ll.27° ~d e = 24.27, respectively)andthicknessratios.Com-
parablesimilarityisfoundto existat the-otherMachnumbers(~ = 12
and%= 20)forwhichcalculationsweremade.

A tabulationandplotofthevaluesofthecorrelationfactorK
sxeshowninfigure12forallMachnumbersw, leading-edgehalf-
angles6,smdairfoil-sectionshapes.Strikinglyevidentisthesmall
changeorlackofchangeinthemagnitudesofthecorrectionfactors
withsectionshapeandwithMachnumberfora givenvalueof e. The
useofthemeanvaluesof K (averagevalueforthethreel&chnumbers),
as shownplottedinthelowerhalfoffigure12,insuresacceptable
accuracy.

Althoughthisanalysishasbeenmadeonthebasisofairfoil-section
data(or’tiinite-aspect-ratioconditions),thereisreasontobelieve

. thatthecorrelationfactorwould,inmostcases,be app~cabletot~ee-
dimensionalbodies(forexsmple,seeref.k) whenitisrealizedthatthe
Machangley= at ~ = 12 is only 4.78°j at & = 20, ~becomes 2.8700.
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CONCLUDINGREMARKS

Baseduponcalculationsemployingtheshock-e~ansionmethodand
theassumptionofideal-gasconditions,a simplecorrelationfactoris
foundwhichpermitsconversionofinviscidnormal-forcecoefficientsof
simpleshapesatMwihnumbersof12,16,and20 inheliumto equivalent
coefficientsinair. Theresults,althoughpreliminaryinnature,
indicatethattheconversionofeqerimentalforcedataobtainedin
heliumto equivalentdatainairmightnotbe overlycomplexandthat
hypersonicheliwntunnelsmightbe usefulin conventionalaer@mamic
studiesaswell.asinfundamentalgas-dynamicsstudies.

.—
A

.

LangleyAeronauticalLaboratory,
NationalAdvisoryComtuitteeforAeronautics,

LangleyField,Vs.,June18,1956.
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Figure 1.- Variationwith deflectionangle of the disturbancestrength
ratio behind an ob~que shock wave for varicus free-strecmMach numbers,

, ‘w r * ,

,.,,>; , ,

I

1< ,,, ,, ,,, I ,1 fJ, ,



, 4 t I

.07

E

.05

04

@f”’

w

- 01

f

I I I I I I I I I I I I I I I I I I

IMectkmamje, &!eg

(b) Heli~j ‘Y=5/3.

Figme 1.- Concluded.



Free-6trem khmmker,~

(a)Air;7=7/5.

Figure2.-Rangeofapplica~ili’tyof shock-expansionmethcd.

.1 , ,}U,. , , i,.,,;, .1, , 1 I ,, I.L .1,



Free-strem Mchh, Mm

(b) Helium; y = 5/3.

Figure 2.- Concluded.
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Figure3.- Geometricshapesforwhichcalculat~onsof normal-forcecoef- , _.
ficientsweremade. Thickness,10percent.
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(a) Air; 7 = 7/5.

Figure 5.-Vaxiatlonofflat-plate
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Figure 6.-Variationofflat-platesectionnormal-forcecoefficientwithangleof’attackat
MO=20.
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(a) 6 = 0° (flat plate).

Figure7.-Variationofsectionnormal-forcecoefficientCn withangle
ofattacku - miation of ~ ~th we for ~,~/Cn,& = 1

forverlousWlf’-anglesat leacthg edge for wedge slab airfoil sectiom
at ~=12.
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(b) 9 = 15°.

Figure 8,- Continued.
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(c) e = 2’p.

Figure 8.- Concluded.
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(a) 6 = 0° (f‘Iat plate).

Figure 9.- Variation of sectionnormal-forcecoefficient ~ with angle

of attack a end variationof u- with cqe for .n,~jcn,=,=l

for vmioua half-anglesat leading edge for wedge slab airfoil sections
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